We use polarized photocurrent spectroscopy in a nanowire device to investigate the band structure of hexagonal Wurtzite InAs. Signatures of optical transitions between four valence bands and two conduction bands are observed which are consistent with the symmetries expected from group theory. The ground state transition energy identified from photocurrent spectra is seen to be consistent with photoluminescence emitted from a cluster of nanowires from the same growth substrate. From the energies of the observed bands we determine the spin orbit and crystal field energies in Wurtzite InAs.
Introduction
III-V semiconductor nanowires (NWs) are quasi-one-dimensional materials which show great promise as a nanoscale platform for efficient and high-speed electronic devices, nanosensors and photovoltaics 1, 2 . Among the III-V NWs, InAs is of particular interest because it exhibits a high electron mobility, a low effective electron mass, a large spin orbit energy and a small energy band gap. The spin-orbit energy is nearly as large as the band gap energy resulting in strong momentum-spin coupling which has been utilized in the search for Marjarona fermions. 3 Like many III-V NWs, InAs occurs in both the usual Zincblende (ZB) cubic phase, but also hexagonal Wurtzite (WZ). The hexagonal Wurtzite crystal structure has a lower symmetry than the cubic
Zincblende structure which has a large impact on both the band structure and selection rules for optical transitions. The resulting differences in the band structure have been extensively explored for both InP 4, 5, 6, 7 and GaAs 8, 9 NWs, but much less is known about Wurtzite InAs.
Experimental measurements of the WZ InAs fundamental gap range from 0.43 eV to 0.54 eV 10, 11, 12, 13 and theoretical calculations of the gap range from 0.46 to 0.481 eV 14, 15, 16, 17, 18 . There are no direct measures of the valence and conduction band structure, but a number of theoretical calculations exist. 14,15,16 ,17 ,18 In this letter, we use polarized photocurrent spectroscopy in a WZ NW device to determine its band structure over a wide range of energies from 0.3 to 1.2 eV.
Materials and Methods
Wurtzite InAs nanowires were fabricated on a [111]-oriented InAs substrate using the metal-catalyzed MOCVD (metal-organic chemical vapor deposition) growth method with 50 nm gold nanoparticles. A temperature of 500°C and an arsine/trimethylindium ratio of 2.9 were used to achieve WZ crystal growth 19 . Fig. 1 (a) and (b) show a SEM image of the growth substrate and two plan view HRTEM images of a typical nanowire demonstrating the single phase WZ nature of the nanowires. The NWs were removed mechanically from the growth substrate into a methanol solution and dispersed on a p-doped silicon substrate with a 300 m SiO 2 layer on the surface.
The dispersed wires were usually small (< 5) bundles of wires that formed through van der Waals forces. A well-separated bundle of wires was identified using optical microscopy for device fabrication. To create the device, two 20 nm Titanium and 300 nm Aluminum contacts were deposited on either end of the wire using photolithography, metal deposition and liftoff. After confirmation that the contacts were conductive using a probe station, the nanowire device was placed into a gold-plated chip carrier which was mounted onto the cold finger of an optical cryostat for low temperature measurements.  7 ,  7 , and  9 symmetries, respectively (see Fig. 1 ). Similarly, the lowest lying conduction band (CB 1 ) has  7 symmetry, and a second conduction band (CB 2 ) at higher energies with  8 symmetry which results from zone folding of the L-valley in the cubic Zincblende structure to the center of the Brillouin zone (k = 0) in the Wurtzite phase.
14 To determine the optical selection rules for the C 6v symmetry group, the light polarized perpendicular (Ec) and parallel (EIIc) to the long axis of the nanowire (the Wurtzite c-axis) are associated with  5 and  1 symmetries, respectively 22 . An optical transition is allowed for a particular polarization if the product of the initial and final state symmetries contains the symmetry associated with a particular polarization. In equation (1) below, the various band symmetries are multiplied, and the results tabulated.
From equation (1) 
Results
In this letter we explore the energy band structure and optical selection rules in a WZ InAs NW device by using polarized photocurrent (PC) spectroscopy in the infrared energy range 0.3- For comparison, photoluminescence (PL) measurements were taken on clusters of wires dispersed onto a silicon substrate from the same growth by using 800 nm excitation as an excitation source. The laser was chopped at 300 Hz and focused onto the nanowire cluster using a 40X/0.5 NA reflective objective. PL was collected by the same objective and focused onto the entrance slit of a 0.2 m spectrometer and dispersed by a 600 line/mm grating. The PL was detected by a lock-in and an InSb pn diode cooled to 77 K. Below the 10 K PC spectra, we display 10 K PL spectrum taken from a cluster of approximately ten similar nanowires, which confirms the assignment of the onset and peak from the PC spectrum. The fundamental band gap for Wurtzite material is thus 60 meV higher than Zincblende InAs band gap as expected from both theory and recent experiments ,10,11,12,13,17 ,18 .
The photocurrent spectrum for light polarized parallel to the NW (c axis) shows a higher energy onset and peaks at 0.55 eV which is assumed to be the excitation from the B valence band to CB 1 . The peak at 0.92 eV which is visible for both parallel and perpendicular polarizations is assigned to the transition from the third valence band (C) to the first conduction band (CB 1 ).
At higher energies, two additional but weak peaks are observed only for perpendicular excitation at 0.99 eV and 1.07 eV. Based on the selection rules described previously, we find these transitions can result from transitions either from A to CB 2 , or D to CB 1 . In order to most closely match De and Pryor's calculation for the splitting between CB 1 and CB 2 and the splitting between C and D, we assign the 1.07 eV transition to A to CB 2 and the 0.99 eV transition to D to CB 1 14 .
From this assignment, we find the splitting between CB 2 and CB 1 to be 0.59 eV (De and Pryor predict a splitting of 0.74 eV). We find the splitting between the D and C valence bands to be 0.07 eV (De and Pryor predict 0.183 eV). The energy gap and transition energies and energy splittings measured in our experiment are shown in Table 1 and compared with both theoretical calculations and experiments.
Photocurrent spectra taken at 300K (see Fig. 3 ) shows the first three transitions obeying the expected selection rules, but shifted towards lower energy because of the temperaturedependent shift of the energy gap. 23, 24, 25 The observed energy splitting between valence bands exhibits no obvious temperature dependence between the 10 K and 300 K measurements, consistent with results in the other material. 26 Using the AB and AC splittings obtained from these measurements, it is possible to extract the spin-orbit energy and crystal field energy for this structure using the quasi-cubic approximation 14, 27 shown in equation 2, below:
As noted in several publications equation 2 results in two energies which may be assigned to either the SO or the CF energies. The spin-orbit energy results from the constituent In and As atoms in these materials so one would expect very similar spin-orbit energies for either Wurtzite or Zincblende InAs whose spin-orbit energy is 0.38ev 28 29 . Equation 2 provides the two solutions 0.39 eV and 0.12 eV, for the crystal splitting or spin-orbit splitting. It seems reasonable to assign 0.39 eV to the WZ InAs spin orbit energy and 0.12 eV to the crystal field energy. These results are tabulated in Table 1 for both 300 K and 10 K measurements.
TABLE 1:
Wurtzite InAs 
Discussion
We now compare the results from our measurements to both theoretical calculations of the WZ InAs band structure, and other experimental measurements of the fundamental gap.
Results from the 10K data is compared with the other theoretical and experimental results in 16 Bechstedt and Belabbes used DFT with LDA exchange and correlations to calculate the band structure of the various InAs polytypes, including pure WZ. 18 Zanolli et al used DFT calculations using LDA exchange and correlations followed by GW corrections. 17 The parameters for the various AB and AC valence band splittings, and splittings between the two conduction bands, along with SO and CF energies are tabulated from these different calculations in Table 2 and compared with the results here. While all of the theoretical calculations of the fundamental gap agree fairly closely with each other and also with our present measurement, there is substantial variability for the other parameters. For example, theoretical estimates of the AB valence band splitting range from 59 to 105 meV as compared with our measurement of 70 meV. 14, 15, 16 The theoretical AC valence band splitting ranges from 350 to 470 meV as compared with our measurement of 440 meV. 14, 15, 16 The theoretical crystal field energies range from 95 to 195 meV as compared with our measurement of 120 meV. 14, 18 The theoretical spin orbit energies range from 356 to 379 meV while our measurement is 390 meV. 14 ,18 The largest discrepancy is seen in our measurement of the CB splittings to be 590 meV with theoretical estimates of the CB splitting substantially higher at 706 to 741 meV.
14,16 In order to gauge the strength of the polarization selection rules we now look at the degree of polarization for these different transitions. We define the degree of polarization as DOP = (I  -I II )/(I  +I II ) to describe the polarization dependence of the photocurrent spectra. Based on classical electrodynamics, if a cylinder with dielectric constant , is placed in an electric field E, the component of the internal field parallel to the axis of cylinder is the same as the outside field (E II =E 0II ), but it is attenuated in the perpendicular direction (E  =  E 0 ) 31 . Since the absorbed energy is  E 2 , for an InAs wire with =16.78, for light polarized perpendicular to the NW with an intensity of P 0 the intensity of light inside the nanowire would be P 0 /79. Similarly, for light polarized parallel to the NW with an intensity P 0 the intensity inside the nanowire would also be P 0 . The degree of polarization in our nanowire is plotted in Fig. 4 for the 10 K and 300 K measurements. A sharp peak centered at 0.48 eV is observed, showing an 85% perpendicularly polarized photocurrent around the fundamental band gap energy.
The response of the device to polarized light is a rather complicated combination of the dielectric response of the nanowire itself, and also the optical selection rules. We attempt to disentangle these responses by using the dielectric response derived above. Assuming that the incident power on the nanowire is the same for parallel and perpendicular polarizations, this can be expressed as 32 :
Where is the real part of the dielectric constant in the direction perpendicular to the c axis of wire and is the absorption constant. Since the is directly proportional to the imaginary part of the dielectric constant (") 33 and inversely proportional to the index of refraction, and we know that " is proportional to the oscillator strength (f), we find the perpendicular to parallel current ratio to be equal to:
From our measurement, the ratio of the polarized currents is ~12.5 at the ACB1 transition. By using the dielectric constants for light parallel and perpendicular to the c-axis calculated by De and Pryor ( ∥ ~ 0.81) 34 , we find ∥~1 100, which shows that excitation of a dipole perpendicular to the nanowire has a much stronger oscillator strength than parallel. This implies that the absorption of parallel polarized light for this lowest energy transition is nearly negligible as anticipated from group theory (shown previously).
35,36

Summary and Conclusions
Using polarized PC spectroscopy over the energy range 0.3 to 1. 
